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Epithelial stem cells within the human hair follicle are critical for hair development, hair cycling, wound healing,
and tumorigenesis. We and others have previously shown that the hair follicle bulge area contains keratinocyte
stem cells, whereas the hair matrix represents the proliferating and differentiating transit-amplifying (TA) cell
compartment. In order to better characterize the phenotypic differences between human keratinocyte stem cells
and their daughter TA cells, we compared the in vitro properties of cell adhesion, cell migration, clonogenicity, and
in vitro life span. Epithelial outgrowths from the hair matrix appeared within 2 d of explant, whereas stem cell
outgrowths appeared between 7 and 10 d after explant. Both populations form colonies; however, stem cells from
telogen follicles formed more total colonies, and more colonies greater than 3 mm. Upon subculture, stem cells
formed colonies until passage 6 and terminally differentiated at passage 7, whereas TA cells only formed colonies
until passage 2. Stem cells express more b1 integrin and adhere more rapidly to collagen IV. Most strikingly, TA
cells showed a 7-fold greater mobility on migration assays than stem cells (0.704 vs 0.102 lm per min). These
results help deﬁne the human hair follicle stem cell and TA cell phenotypes and correlate with the in vivo properties
of these compartments.
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Adult epithelial stem cells have a number of distinguishing
features, and hair follicle stem cells have additional prop-
erties specific for this unique organ. All stem cells undergo
asymmetric cell division to generate daughter cells that re-
tain the stem cell phenotype, and daughter transit-amplify-
ing (TA) cells that proliferate and differentiate to replenish
the cells that are lost to the environment after terminal dif-
ferentiation. Stem cells are generally slow-cycling in vivo,
but they have a high proliferative potential and proliferate at
times of tissue expansion such as during fetal development
and wound healing (Potten, 1974, 1979; Cotsarelis et al,
1990; Taylor et al, 2000). The hair follicle is a unique organ in
that the entire lower follicle degenerates in the catagen
phase, leaving only a club hair surrounded by an epithelial
cap. The stem cells present within the bulge region of this
telogen club structure are responsible for regenerating a
new lower follicle and start a new hair cycle (Lyle et al, 1998;
Oshima et al, 2001; Liu et al, 2003). Hair follicle stem cells
are generally quiescent and appear mitotically inactive dur-
ing the entire anagen, catagen, and telogen phases, but are
stimulated to proliferate at anagen onset (Cotsarelis et al,
1990; Lyle et al, 1998). As the anagen growth phase lasts
between 2 and 8 y on the human scalp (Paus and Cots-
arelis, 1999), hair follicle stem cells may thus lie dormant for
up to 8 y, only to be awakened for the very short and as yet
undetermined time frame of anagen onset. There are sev-
eral other significant features of hair follicle stem cells of
note. They are generally undifferentiated, both biochemi-
cally and ultrastructurally (Cotsarelis et al, 1990). The loca-
tion of the stem cells in the hair follicle bulge is similar to
other stem cell niches where they are found in discrete
locations, tightly adherent to the basement membrane in
well-protected areas (Lavker and Sun, 2000; Spradling et al,
2001). Hair follicle stem cells also have the capacity to re-
spond to stress such as wounding to phorbol esters (Cots-
arelis et al, 1989). Finally, they appear to be multipotent,
giving rise to the lower follicle as well as sebaceous gland
and epidermis (Oshima et al, 2001; Morris et al, 2004).
Two of the most important features of epithelial stem
cells are their unlimited capacity for self-renewal and their
slow-cycling nature. In the epidermis, self-renewal has been
characterized by in vitro clonogenicity or colony-forming
efficiency (Barrandon and Green, 1987; Jones and Watt,
1993). The clonogenic keratinocytes were also found to
have high b1 integrin expression (Jones et al, 1995). In the
epidermis and hair follicle, slow-cycling cells have been
detected by label-retaining studies after pulse-chase label-
ing (Bickenbach and Mackenzie, 1984; Cotsarelis et al,
1990; Lyle et al, 1998). In the mouse hair follicle, label-
retaining cells were localized to the hair follicle bulge region
(Cotsarelis et al, 1990). We later showed that keratin 15
(K15) was a marker for the label-retaining cells in the bulge
of human follicles, and that these cells also expressed high
levels of b1 integrin (Lyle et al, 1998). This suggested that
Abbreviations: K15, keratin 15; KCM, keratinocyte medium; TA,
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the label-retaining cells would also have the same in vitro
properties of stem cells. As the exact location of stem cells
is difficult to determine in fresh, intact anagen follicles
(Kobayashi et al, 1993; Yang et al, 1993; Rochat et al, 1994;
Moll, 1995), we decided to use follicles in the telogen phase
of the hair cycle. We reasoned that as the lower follicle is not
present, the telogen club structure must contain the bona
fide hair follicle stem cells that are responsible for regen-
erating a new lower follicle at the onset of anagen. We have
previously demonstrated that plucking after Dispase treat-
ment recovers the intact basal layer of cells expressing K15
and b1 integrin (Lyle et al, 1999).
Using human telogen hair follicles as an enriched source
of multipotent stem cells, we compared their in vitro prop-
erties with the TA cells from the anagen bulb. These studies
define the in vitro properties of cutaneous stem cells and
allow for further characterization of the molecular mecha-
nisms that determine the stem cell phenotype.
Results
Isolation of hair follicle stem cells and TA cells We pre-
viously showed that K15 and b1 integrin are markers of the
bulge area of the hair follicle where stem cells reside (Lyle
et al, 1998), and that the telogen club structure and anagen
follicle express K15 and high levels of b1 integrin in the
basal layer of cells surrounding the club hair and in the
bulge region, respectively. As the entire lower follicle epi-
thelium, below the isthmus, has degenerated during the
catagen phase of the hair cycle, these telogen club follicles
represent an enriched source of stem cells. In explant cul-
tures, the telogen follicles and anagen bulge began to form
outgrowths after 7–10 d, reflecting their normal in vivo qui-
escent nature (Fig 1C). In experiments where the follicles
were trypsinized to obtain a cell suspension, multiple col-
onies were obtained after the same time frame. Keratin-
ocytes obtained from either the explant cultures or the
trypsinization method demonstrated similar phenotypes.
The matrix keratinocytes located at the bottom of the
anagen hair bulb (Fig 1B) represent the rapidly proliferating
TA cells that differentiate into all the epithelial layers of the
hair follicle. These cells do not express K15, and express
lower levels of b1 integrin than the telogen bulge (Lyle et al,
1998). In the human scalp, the matrix area can be identified
deep within the subcutaneous fat by the pigment and thick-
ening of the hair bulb. In order to culture the cells from this
delicate area, several techniques were used. Although dis-
section after plucking from Dispase treatment could yield
colonies, the most efficacious method was direct dissection
of the lower bulb from fresh skin to obtain a tissue fragment
containing the epithelial matrix cells along with the dermal
papilla and adjacent connective tissue sheath (Fig 1B). The
resulting fragment was then treated with trypsin to gently
disaggregate the cells for plating. Cellular outgrowths from
loosely intact fragments as well as colonies from individual
cells were apparent within 2 d of plating, consistent with
their in vivo proliferative activity (Fig 1D). The epithelial out-
growths have a distinctly different morphology than dermal
papilla cells, which do not grow well in keratinocyte media
and only appear 1–2 wk after plating in media promoting
dermal papilla growth (Roh et al, 2004). Any contaminating
dermal papilla cells as well as feeder cells are readily re-
moved with Versene treatment prior to harvesting. By
immunohistochemistry for pan-keratin and vimentin, virtu-
ally 100% of isolated cells after Versene treatment are
epithelial in nature (data not shown).
In order to characterize the in vitro expression of K15 and
b1 integrin, we analyzed cell cultures by immunofluores-
cence and western blot. Cultured stem cells show approx-
imately 5-fold greater b1 integrin than matrix cells (Fig 2A,
B, D). The stem cells maintain a low level of K15 expression
in vitro (Fig 2C), whereas matrix cells remain negative (not
shown).
Clonogenicity and in vitro life span In order to charac-
terize the clonogenicity and in vitro life span of the adult
epithelial stem cells of the hair follicle, we isolated keratin-
ocytes from the stem cell-enriched telogen follicle and
compared them with the TA cells from matrix area in the
bottom of the hair bulb. Initial outgrowths were obtained
from telogen and the matrix areas, and about 2000 cells
each were then re-plated to determine colony-forming
efficiency. After re-plating, both populations formed colo-
nies, but stem cells produced more total colonies than TA
Figure1
Plucked and dissected hair follicles and their explants. (A) Adult
human telogen hair follicle. (B) Adult human anagen hair follicle
chopped at the bulb. (C) Stem cell outgrowths from telogen hair
follicle. (D) Matrix/transit-amplifying cell outgrowths from anagen
hair bulb.
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keratinocytes (147  14 vs 83  9), and more colonies
greater than 3 mm in diameter (41% vs 23%), as shown in
Fig 3. The larger colonies in both instances were composed
predominantly of small polygonal cells with few or none of
the large differentiated keratinocytes seen in smaller abor-
tive colonies.
As epidermal keratinocyte TA cells have been shown to
have a more limited proliferative capacity than epithelial
stem cells (Jones and Watt, 1993), we examined the in vitro
life span of hair follicle stem cells from telogen follicles, as
well as the bulge region of anagen follicles, and compared
them with the TA cells. Unlike the epidermis, the TA cells of
the hair matrix could be passaged. But the TA cells termi-
nally differentiated at passage 3, whereas stem cells
produced colonies up to passage 6 and terminally differ-
entiated at passage 7. Three different telogen and anagen
bulge stem cell isolates from three different adult patients
were able to survive until passage 7 after a maximum of 4
mo in culture. Six primary cultures generated from the ma-
trix of multiple follicles could survive for 2 mo (passage 3).
When individual matrix explants were cultured separately,
however, there was a range proliferative capacity, with ap-
proximately one of three not producing colonies after the
initial outgrowth, and approximately one of three sustaining
growth until passage 3.
Adhesion to collagen IV Stem cells are usually tightly ad-
herent to the basement membrane and express high levels
of adhesion molecules. When primary cultures of telogen
and anagen matrix keratinocytes were re-plated into wells
pre-treated with collagen IV, there were significant differ-
ences in the adhesion properties of the cells. For telogen
stem cells, 74.6% of cells were found to adhere within 10
min, whereas for TA cells only 55% adhered within 10 min
(Fig 4). Thus, a higher percentage of TA cells require 60 min
or more to adhere. These findings correlate with earlier
suggestions that cells taking longer than 1 h to attach to
collagen are not able to form colonies and undergo terminal
differentiation (Jones and Watt, 1993).
Cell migration Stem cells are usually maintained within the
stem cell niche, whereas their progeny must leave the niche
to replenish the tissues. We examined the in vitro cell mo-
tility of both stem cells from the telogen bulge and the TA
cells from the anagen matrix. The cell populations were
Figure 2
b1 integrin and keratin 15 (K15) expression. Primary stem cells (A)
and transit-amplifying (TA) cells (B) were stained for b1 integrin. Stem
cells also maintain expression of K15 (C), whereas initially negative
matrix TA cells remain negative (not shown). For western blots (panel
D), 20 mg whole-cell lysates were loaded in each lane and blots were
developed with anti-b1integrin antibody. Telogen stem cell cultures
(lane T) express greater than 5-fold more b1 integrin than matrix TA cells
(lane M), as determined by densitometry.
Figure 3
Clonogenicity of telogen stem cells and matrix/transit-amplifying
(TA) cells. (A) A representative staining of colonies formed from iso-
lated telogen stem cells. (B) A representative staining of colonies
formed from isolated matrix/TA cells. (C) Clonogenicity was assessed
by counting colonies after cultures were fixed with methanol and
stained with toluidine blue. Colonies were also assessed for sizes
greater than 3 mm in diameter. Clonogenicity assays were performed
in duplicate for three separate primary cultures from three separate
donors and represented with a standard error.
Figure4
Adhesion of telogen stem cells and matrix/transit-amplifying (TA)
cells. (A, B) Isolated telogen stem and matrix/TA cells were plated into
collagen IV-treated wells for 10 min, 60 min, and overnight. Cells were
then fixed with methanol, stained with toluidine blue, and counted.
Eight different sets of primary telogen stem and matrix/TA cells were
analyzed. The average of eight experiments was calculated with the
standard error.
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isolated as described in the Methods and then plated onto
collagen-coated plates. In order to enrich for the specific
cell types, the stem cells were allowed to adhere for 10 min
and the TA cells were allowed to adhere for 1 h. Cell mi-
gration was measured by time lapse, video-microscopy,
and analyzed with cell-tracking software.
The stem cells were relatively stationary (0.102  0.008
mm per min), whereas matrix TA cells had a brisk mobility
(0.704  0.048 mm per min), p-value less than 0.001. Figure
5 represents the cell pictures taken at zero time point and
then 1 h later. Most of the telogen stem cells remained the
same, whereas most of the TA cells had changed the po-
sitions considerably. See supplementary files for movies
(Movies S1 and S2).
The collagen concentrations for cell adhesion and mi-
gration have been chosen based on the work by Adams and
Watt (1991), Huttenlocher et al (1995), and Jensen et al
(1999). Adams and Watt (1991) have investigated the ad-
hesion properties of the epidermal keratinocytes on a wide
range of collagen IV concentrations, whose maximum ad-
hesion was achieved at 100 mg per mL. As it has been
suggested that an intermediate level of attachment strength
produces maximal migration rates (Huttenlocher et al,
1995), at low adhesive strength, sufficient traction cannot
be generated for migration to proceed, whereas at higher
adhesive strength, the cells do not release their adhesions
efficiently. We chose a concentration of 50 mg per mL for the
migration assays. For the adhesion assays, we used the
lower level, 10 mg per mL, in order to pool out the cells with
higher expression of b1 integrin.
Discussion
Human stem cells may offer considerable opportunities for
providing differentiated cells for gene therapy, drug discov-
ery, and regenerative medicine. Markers for defining the
undifferentiated cells are beginning to be established (Mor-
ris et al, 2004; Tumbar et al, 2004), providing valuable tools
for monitoring human stem cell cultures and their state of
differentiation. Therefore, efficient and reproducible tech-
niques for the large-scale isolation and culture of adult ep-
ithelial stem cells are critical for further advances.
Here, we describe rapid methods to make explant cul-
tures for adult epithelial stem cells and TA cells from human
hair follicles, and determine specific characteristics that can
distinguish between the stem cell and TA cell phenotype.
The results show that telogen follicles plucked from
Figure 5
Migration of telogen stem cells and matrix/transit-amplifying (TA) cells. Telogen stem and matrix/TA cells were plated and allowed to adhere
into collagen IV-treated flasks for 10 min and 1 h, respectively, and assessed for cell movement. Images represent cell migration at time 0 and then at
time 1 h. Representative migrating cells are depicted in boxes.
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Dispased-treated skin provide a good source of stem cells
for in vitro experiments. For TA cells, the anagen bulb can
easily be damaged by plucking even with Dispase treatment
because of its location within the skin. We have found
that direct dissection of matrix tissue fragments from fresh
skin is the best method to obtain these cells. The cultured
cells appear to maintain some of the cellular phenotypic
features seen in vitro, specifically differential keratin 15 ex-
pression and different levels of b1 integrin. In an earlier
work, we also showed that stem cells also responded to
dermal papilla factors by downregulating K15 mRNA and
upregulating the hair-specific message K6Hf (Roh et al,
2004). Thus, the cultured stem cells are also functionally
competent.
The in vitro properties of hair follicle stem cells and their
daughter TA cells reflect the natural in vivo qualities of these
two cell populations. The cells surrounding the telogen club
structure represent the permanent portion of the hair follicle
and correspond to the bulge region of anagen follicles (Lyle
et al, 1998; Paus and Cotsarelis, 1999). The stem cells
within the bulge are thus permanent residents throughout
the lifetime of the individual and are responsible for contin-
ual renewal of the follicle, whereas the matrix cells prolif-
erate during the 2–8 y of anagen, but then undergo
apoptosis. These properties are demonstrated by the in
vitro characteristics of these cell populations. Stem cells
from the bulge are initially quiescent in vitro until around day
10, whereas TA cells from the matrix rapidly proliferate in
culture. This difference has also been observed for epider-
mal stem and TA cells (Li et al, 2004) where the TA cells
could regenerate multilayered sheets in 4 d, whereas stem
cells showed only limited epithelialization at this early time
point. After proliferation is initiated, however, we found that
bulge stem cells have a higher colony-forming ability and a
longer in vitro life span than the more limited proliferative
capacity of matrix TA cells. Previously, three distinct types
of colonies were described for epidermal keratinocytes in
culture (Barrandon and Green, 1987); holoclones, with a
high reproductive capacity in the absence of terminal dif-
ferentiation, paraclones, consisting of cells that stop divid-
ing and differentiate after a few cell divisions, and
meroclones, representing a transitional stage between a
holoclone and a paraclone. Other measures of proliferative
capacity, such as colony-forming efficiency on indicator
plates and in vitro life span determined by passage number
and length in culture, are considered to correlate with the
doubling populations used to determine cell clonogenicity
(Jones and Watt, 1993; Rochat et al, 1994; Moll, 1995).
Based on our indicator plates of colony-forming efficiency
and in measures of in vitro life span, holoclones would ap-
pear to reside in the telogen bulge area, whereas the matrix
cells represent meroclones and paraclones. Unlike epider-
mal TA cells, which have more limited proliferative capacity
(Jones and Watt, 1993), matrix cells could be considered
early TA cells.
It is also interesting to note that matrix cell isolates from
individual follicles showed a varied capacity for clonogeni-
city and in vitro life span. It has previously been shown that
mouse vibrissa follicles isolated in early anagen had a
greater capacity for fiber growth and a longer phase of
proliferation than follicles isolated at the end of anagen
(Robinson et al, 1997). In rat vibrissa follicles, the distribu-
tion of clonogenic keratinocytes within the lower follicle
changes during the various phases of the hair cycle (Oshima
et al, 2001), suggesting that daughter cells of the bulge are
migrating down the follicle to replenish the bulb. Because
human hair follicles differ significantly from rodent vibrissa
follicles, i.e., in the hair cycle length and morphologic
changes during the hair cycle, the mechanism causing var-
ied clonogenicity of cells in the human matrix area is un-
clear. It may reflect the time point of the anagen cycle in
which the cells were extracted. Early anagen follicles, within
the first half of the 2–8-y cycle, might contain matrix TA cells
with a greater proliferative capacity than follicles toward the
end of the anagen phase. But it is unlikely that resident
matrix cells have a 2–8-y life span in vivo. Alternatively, hair
follicle progenitor cells in the lower outer root sheath may
periodically replenish the matrix cells similar to the rat
vibrissa. No migration of bulge cells in human follicles has
been reported, and we have shown that the bulge is qui-
escent in anagen (Lyle et al, 1998). We previously reported,
however, a small area of the lower outer root showing high
b1 integrin and keratin 15 expression within a proportion of
anagen follicles (Lyle et al, 1999), which may represent
possible matrix progenitors. It is intriguing to speculate that
exhaustion of the intrinsic proliferative capacity of cells in
the lower follicle plays a role in the elusive ‘‘hair cycle
clock,’’ which induces the regressing catagen phase of the
hair cycle (Paus and Foitzik, 2004).
Epithelial stem cells are generally found in discrete lo-
cations, tightly adherent to the basement membrane in well-
protected and well-vascularized areas (Lavker and Sun,
1982; Cotsarelis et al, 1989, 1990), and for these reasons
are thought to be permanent, stationary residents at these
sites. As cell migration must occur for the maintenance of
this pattern, it is becoming clear that the daughter TA cells
are motile. In the epidermis, integrin-dull TA cells were
found to be more motile than integrin-bright stem cells
(Jensen et al, 1999). In the mouse hair follicle, daughter TA
cells migrate onto the epidermis following wounding (Taylor
et al, 2000) and cells generated in the bulge appear to mi-
grate during morphogenesis and growth of hair follicles in
the rat vibrissae (Oshima et al, 2001). The in vivo findings
within rodents correlate with our in vitro characterization of
human hair follicle stem cell and TA cell adhesion and mi-
gration. Thus, matrix cells that proliferate and leave the
basement membrane as they differentiate exhibit a brisk
migratory phenotype, whereas the telogen stem cells reflect
their anchorage to the stem cell niche by displaying a non-
motile behavior. These properties are likely dependent on
the expression patterns of integrins, and indeed we
found significant differences in b1 integrin expression
between cultured stem cells and TA cells, similar to our
previous findings within human scalp follicles in vivo (Lyle
et al, 1998). Future gene knockout studies may be able to
directly address the function of integrins in cell migration
directly.
Within rodents, there is compelling in vivo evidence that
the epithelial stem cells within hair follicle bulge are truly
multipotent and can give rise to the epidermis, sebaceous
gland, and hair follicle (Oshima et al, 2001; Morris et al,
2004). This capacity has not yet been demonstrated for
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adult epithelial stem cells of the human hair follicle bulge.
In vitro assays have, however, shown that hair follicle ker-
atinocytes can regenerate an epidermis (Lenoir-Viale et al,
1993), and we have recently shown that isolated bulge cells
can be induced to differentiate toward the hair follicle
lineage (Roh et al, 2004). Our methodology for stem cell
extraction should assist in future studies to demonstrate the
multipotentiality of these cells. In addition, the properties of
clonogenicity, in vitro life span, cell adhesion, and cell mi-
gration can be used as in vitro assays to study the molecular
requirements that maintain differences between stem cells
and TA cells from human skin.
Materials and Methods
Isolation and culture of keratinocytes Keratinocytes were iso-
lated and cultured as described previously (Roh et al, 2004). Briefly,
fresh adult human scalp skin from plastic surgical procedures was
obtained from the Cooperative Human Tissue Network (funded by
National Cancer Institute) with Institutional Review Board approval,
according to the Declaration of Helsinki Principles. One portion of
the skin (1  2 cm) was treated with 4 mg per mL Dispase (Sigma-
Aldrich, St Louis, Missouri) in Dulbecco’s modified Eagle’s medium
(Invitrogen–Gibco, Carlsbad, California) overnight at 41C. Using
forceps, hair follicles were plucked from the Dispase-treated skin,
and segregated into telogen club hairs based on their morphology
under a dissecting microscope (Fig 1A). Plucked anagen follicles
were dissected to remove the upper outer root sheath corre-
sponding to the bulge region. A second portion of the skin was
dissected without Dispase treatment to obtain the matrix area at
the bottom of the hair bulb (Fig 1B). The telogen and anagen bulb
hair fragments were either used as explant cultures directly or were
digested with 0.05% trypsin–ethylene diamine tetraacetic acid
(EDTA) (Gibco) for 10 min, and then Versene (Gibco) was added
(1.33:1) for an additional 10 min. Cells were centrifuged and plated
onto tissue culture plastic dishes (Falcon, St Louis, Missouri). The
isolated cells and tissue fragments were then cultured in keratin-
ocyte medium (KCM) (Rheinwald and Green, 1975; Roh et al, 2004)
on a feeder layer of J2-3T3 fibroblasts that had been pre-treated
with mitomycin C (15 mg per mL) for 2 h. Media were changed
every other day. For subsequent experiments, the trypsinization
method was used to culture keratinocytes from the hair follicles.
Western blot and immunoﬂuorescence Primary stem cell and
TA cell cultures were harvested by first removing the feeders with
Versene. Western blots were performed on whole-cell lysates as
previously described (Roh et al, 2004), using primary anti-b1 inte-
grin antibody (CD29, Immunotech, Westbrook, Maine) and per-
oxidase-conjugated secondary antibody (DAKO, Carpinteria,
California). Densitometry was performed using the image-process-
ing software, IPLab (Scanalytics Inc., Fairfax, Virginia). For
immunofluorescence, cells were plated onto glass cover slips
and placed into wells containing a feeder layer for 4 d. The cover
slips were then removed, fixed in acetone, and stained with pri-
mary anti-b1 integrin or anti-K15 (Lab Vision, Fremont, California)
using fluorescein isothiocyanate or Texas red-conjugated second-
ary antibodies. For immunohistochemistry, harvested cells were re-
plated onto cover slips for 1 h and then fixed with acetone and
stained with anti-pan-keratin or anti-vimentin (M0821 and Vim 3B4,
DAKO), with perixodase-conjugated secondary antibodies.
Clonogenicity and in vitro life span When the cells were pre-
confluent, keratinocytes were harvested by first removing the
feeders with Versene and then treating the keratinocytes with tryp-
sin–EDTA to obtain a single-cell suspension. Two thousand cells
were plated onto six-well tissue culture plates (Corning, Corning,
New York) with a feeder layer for 14 d. The culture plates were then
fixed with methanol and stained with toluidine blue. Using an
inverted microscope, clonogenicity was assessed by counting the
total number of colonies and colonies greater than 3 mm. Clono-
genicity assays were performed in duplicate for three separate
primary cultures from three separate donors. Primary cells were
also passaged as above, to determine in vitro life span. Three
separate primary telogen stem and six TA cell cultures were
analyzed.
Adhesion to collagen IV Primary cultures of telogen stem and TA
keratinocytes were isolated as above and re-plated into wells for
10 min, 60 min, and overnight (16 h), as previously described
(Jones and Watt, 1993). The culture dishes were pre-treated with
10 mg per mL human collagen IV (Sigma) in PBSABC (PBS sup-
plemented with 1 mM CaCl2 and 1 mM MgCl2) overnight at 41C
and then blocked with 0.05% bovine serum albumin in water at
371C for 30 min as previously described (Jensen et al, 1999). The
cells were then fixed with methanol, stained with toluidine blue,
and counted. Eight different sets of primary telogen stem and TA
cells were analyzed.
Cell migration Pre-confluent primary cultures of telogen stem and
TA keratinocytes were grown as above. Feeder cells were removed
with Versene, and the keratinocytes were re-plated into flasks pre-
treated with collagen IV (50 mg per mL to promote migration) as
described (Jensen et al, 1999). In order to enrich for stem cells, the
telogen keratinocytes were allowed to adhere for 10 min and then
washed with KCM, whereas the TA cells were plated for 1 h, and
then washed. A final concentration of 10 mM N-2-hydro-
xyethylpiperazine-N-2-ethane-sulfonic acid was added to the
KCM media, and then the flasks were infused with 5% CO2,
sealed, and videotaped for 14 h with 15 min between frames by
time-lapse video microscopy on a heated stage to maintain the
culture temperature at 371C. Six sets of migration experiments
were performed for different telogen stem cell and matrix TA cell
isolates. All cells viewed under the  10 objective were counted,
which totaled 233 stem cells and 278 TA cells. Motility was meas-
ured from digitized films using a cell-tracking extension written for
IPLab (Scanalytics Inc.).
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Supplementary Material
The following material is available from http://www.blackwellpublishing.
com/products/journals/suppmat/JID/JID23958/JID23958.htm
Movie S1 Primary telogen stem cells were re-plated into ﬂasks pre-
treated with 50 mg per mL collagen IV as described in the Methods. The
telogen keratinocytes were allowed to adhere for 10 min and then
washed with KCM. A ﬁnal concentration of 10 mM HEPES was added to
the KCM media and then the ﬂasks were infused with 5% CO2, sealed,
and videotaped by time-lapse video microscopy overnight on a heated
stage to keep the culture temperature at 371C. Images were captured
every 15 min.
Movie S2 Primary anagen matrix cells were re-plated into ﬂasks pre-
treated with 50 mg per mL collagen IV as described in the Methods. The
TA cells were allowed to adhere for 1 h and then washed with KCM. A
ﬁnal concentration of 10 mM HEPES was added to the KCM media and
then the ﬂasks were infused with 5% CO2, sealed, and videotaped by
time-lapse video microscopy overnight on a heated stage to keep the
culture temperature at 371C. Images were captured every 15 min.
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